Abstract
INTRODUCTION
Arch repair had a unique excursus among all other procedures in aortic surgery. It was the last of the aortic segments to be replaced successfully, because elaborate organ protection strategies added complexity to the technical challenge of the surgical act. Arch repair was first attempted by Schafer and Hardin with the use of polythene shunts in 1951 [1] and with the adjunct of moderate hypothermia by Cooley and DeBakey in 1955 [2] . The latter authors along with Crawford performed the first successful arch replacement in 1957 with cardiopulmonary bypass (CPB) and a rudimentary form of anterograde cerebral perfusion [3] . Over the last 5 decades, various iterations of hypothermia (deep to mild) and cerebral perfusion (antegrade and retrograde) have been used in arch operations [4] . Although arch repair (within the totality of proximal aortic surgery) has been increasingly performed in the USA over the past years, its institutional volumes and outcomes plateaued over the same period. When the Society of Thoracic Surgery Adult Cardiac Surgery Database (STS ACSD) started distinguishing aortic replacement locations in 2004, 285 centres reported 2121 proximal (ascending aorta ± root ± arch) aortic replacements. By 2008, 806 centres reported 11 033 procedures. Over this period, the median number of proximal aortic replacements per centre remained constant and low (approximately 12 per year). The increase in national volume has been dictated by an increment in the number of centres performing proximal aortic replacements rather than by an increase in the volume per centre [5] . A study on 13 358 aortic root replacements recorded with STS ACSD found a sound, inverse association between the volume of aortic root replacements per centre and operative deaths, which was stronger among centres performing < _40 elective procedures per year [6] . An analysis based on 3013 patients with type A aortic dissection obtained from the Nationwide Inpatient Sample showed an inverse correlation between hospital volume and †The first two authors have contributed equally to the article. operative deaths and found operation at non-teaching hospitals an independent risk factor for death [7] .
The preceding evidence prompted us to analyse our institutional experience of arch repair, to evaluate the outcomes of its simplest variant (i.e. hemiarch replacement) in a high-volume tertiary aortic centre over the last 2 decades. Our goal was also to analyse the impact of aortic disease (acute dissection vs degenerative or chronic dissecting aneurysm) on early and midterm outcomes.
PATIENTS AND METHODS

Patient population
This study was approved by the institutional review board. The need for individual patient consent was waived. A review of prospectively collected data from the Weill Cornell Medicine Department of Cardiothoracic Surgery aortic surgery database was conducted to identify all consecutive patients who underwent de novo hemiarch replacement from July 1997 to March 2016. The database is constantly updated and maintained by a team of clinical information analysts; data collection is validated regularly by means of external and internal controls. Pre-and perioperative variables are entered prospectively during inhospital stays. Postoperatively, clinical evaluation is performed every year. If the clinical symptoms are suggestive of aortic disease, the data are entered at the time of the follow-up visit. If data are missing or considered unreliable, a direct interview with the patient, a relative or the treating physician is performed.
Conventions and definitions
By convention, we addressed all the non-acutely dissecting aneurysms simply as aneurysms (including atherosclerotic degenerative and chronic dissecting aneurysms) and all the acute dissections (regardless of the aortic size) simply as dissections. With the term de novo, we excluded redo hemiarch replacement but included first-time hemiarch replacement with resternotomy for other types of cardiac surgery performed previously. The term isolated hemiarch indicates that we excluded cases involving replacement of other aortic segments (i.e. root and distal arch) and/or the aortic valve.
Analysis end-points
Primary end-points were operative death (death within the same hospitalization of the index procedure or 30 days postoperatively) and follow-up death from any cause. Secondary end-points were the incidence of major postoperative complications and a composite of major adverse events. Major postoperative complications were defined as myocardial infarction, permanent neurological deficit, new onset renal insufficiency requiring renal replacement therapy (i.e. haemodialysis or haemofiltration) and respiratory failure requiring tracheostomy. The major adverse events included operative death and major postoperative complications. We divided the study period into 2 chronological segments to assess any changes in outcomes between the first (1997-2006) and second (2007-2016) decades.
Procedure conduct
The goal of the surgical procedure was to replace the proximal ascending aorta and the lesser curvature of the aortic arch with a Hemashield Dacron graft (Macquet Corp, Oakland, NJ, USA). Near-infrared spectroscopy was used to confirm symmetrical cerebral cooling and warming (Somanetics Corp, Troy, MI, USA). The patients were put on CPB and cooled to 18 C for a minimum of 30 min, with their head packed in ice. Three minutes before arresting the circulation, 500 mg of methohexital (Brevital) was administered. The patients were then placed in the Trendelenburg position and the circulation was arrested. During deep hypothermic circulatory arrest, retrograde cerebral perfusion was administered via a superior vena cava cannula at 150-300 ml/min at 14 C, keeping the central venous pressure <30 mmHg. We adopted the Mitchell and Ishimaru classification of aortic arch zones to describe our anastomotic sites [8] . The distal anastomosis was performed first, spanning transversally across the arch, from the proximal side of the innominate artery origin (Zone 0) on the greater curvature to a point immediately distal to the nadir of the lesser curvature (Zone 2). Systemic perfusion was subsequently re-established on CPB. During rewarming, the proximal anastomosis was performed on or immediately proximal to the sinotubular junction (Zone 0).
Statistical analysis
Data were stored using Microsoft Access (Microsoft, Redmond, WA, USA) and analysed using IBM SPSS Statistics version 22 (IBM, Armonk, NY, USA), R version 2.15.2 (R Foundation for Statistical Computing), IBM SPSS Statistics-Essentials for R 22.0 and MatchIt package. Continuous variables are expressed as mean ± standard deviation. Data from the study population were compared using the v 2 test for categorical variables and the Student's t-test for continuous variables. P-values < _0.05 were considered statistically significant. Multivariate analysis for operative mortality, major morbidities, major adverse events and longterm survival rates were computed to assess for significant demographic and preoperative predictors of such events. Demographic (age and gender), social (smoking), pathological (aneurysm vs dissection aetiology, previous myocardial infarction, atrial fibrillation, hypertension, chronic obstructive pulmonary disease, permanent neurological deficit, diabetes mellitus, connectivitis, peripheral arterial disease and renal dysfunction), familial (history of aneurysm) and investigational (aneurysm size and left ventricular ejection fraction) covariates were used to compare the 2 groups by logistic regression algorithm. Postoperative survival was assessed using the Kaplan-Meier method. Censoring of patients occurred at the time of their last follow-up. Survivals of different groups were compared in pairs by way of log-rank analysis. Actuarial methods were used to illustrate proportion of reintervention. The Gray test was used to compare competing risk across groups, and cumulative incidence functions were generated using the method of Fine and Gray.
RESULTS
Population sample
A total of 756 patients underwent hemiarch replacement between July 1997 and March 2016. The underlying disease state was aneurysm in 684 patients and dissection in 72 patients. After elimination of cases involving the aortic root or valve (186) and the redo cases (129), there were 369 patients who underwent de novo-isolated hemiarch replacements for aneurysms. After elimination of cases involving the aortic root or valve (6) and the redo cases (10), there were 57 patients who had de novo-isolated hemiarch replacements for dissection.
Preoperative
Preoperative characteristics of the overall population and the 2 subsets are presented in Table 1 . Patients with dissection were younger (mean 62.0 ± 11.7 years) than patients with aneurysms (mean 69.3 ± 12.1 years), P < 0.001. The prevalence of chronic obstructive pulmonary disease was higher in patients with aneurysms (85 of 369, 23%) than in those with dissections (5 of 57, 8.8%), P = 0.014. Acute renal failure was more frequent in dissections (22 of 57, 38.6%) than in aneurysms (63 of 369, 17.1%), P < 0.001. The mean size of the aorta was lower in the patients with dissections (4.7 ± 0.8 mm) than in those with aneurysms (6.0 ± 1.1 mm), P < 0.001.
Intraoperative
CPB time was longer in patients with dissections (144.5 ± 30.8 min) than in those with aneurysms (133.5 ± 23.6 min), P = 0.002. Cardiac ischaemic time and deep hypothermic circulatory arrest times were similar between the 2 groups. The need for blood transfusions was more frequent in those with dissections (2.5 ± 1.2 units) than in those with aneurysms (2.1 ± 1.1 units), P = 0.031 (Table 2) .
Postoperative
Operative death was higher in those with dissections (3 of 57, 5.3%) than in those with aneurysms (10 of 369, 2.7%), but the difference did not reach statistical significance (P = 0.29). Respiratory failure requiring tracheostomy, renal failure requiring renal replacement therapy and re-exploration for bleeding occurred more frequently in the dissection series (see Table 3 ). There was no statistical difference in the operative mortality rate between the first (9 of 198, 4.5%) and second (4 of 228, 1.8%) decades of the 20-year period (P = 0.096). At logistic regression, no independent risk factor for operative mortality or single major morbidity was detected. Previous myocardial infarction (odds ratio [OR] 3.14; 95% confidence interval [CI] 1.36-7.22; P = 0.007) and smoking (OR 0.56; 95% CI 0.33-0.96; P = 0.03) were found to be independent risk factors for major adverse events. Acute dissection was not a risk factor for major adverse events (OR 0.82; 95% CI 0.35-1.91; P = 0.65) ( Table 4) .
The 5-year survival rate was 309 of 426 (72.5%) for the overall population. There was no difference in the 5-year survival rate between patients with dissections 81.1% (95% CI 68.9-93.3%) and those with aneurysms 70.5% (95% CI 63.4-77.6%), P = 0.29 (Fig.  1) . In the overall population, 32 of 426 (7.51%) of patients underwent thoracic aortic reoperation. A breakdown of aortic reoperations after the index procedure is reported in Table 5 . The 5-year risk of reoperation was similar between dissections and aneurysms, P = 0.97 (Fig. 2) .
COMMENTS
During hospitalization for an operation, patients undergoing hemiarch replacement differed demographically and in their comorbid profiles, depending on the type of aortic disease involved. Patients presenting with acute dissection were younger and had a higher rate of acute renal insufficiency, conceivably associated with the consequences of the index disease (malperfusion shock). Patients with an aneurysm had a higher rate of CONVENTIONAL AORTIC SURGERY chronic respiratory insufficiency, as one might expect in an older population.
In contrast, the type of aortic disease did not seem to significantly affect the most feared complications of arch surgery (i.e. death and permanent neurological deficit), which were similar in the 2 groups. On logistic regression, acute dissection was not an independent risk factor for operative mortality, stroke or any other major morbidity after hemiarch replacement. These results are not aligned with some reports in the literature in which repair of acute dissection often results in rates of operative mortality and stroke that are about 3 times higher than those with an elective repair of an aneurysm (due either to chronic dissection or to atherosclerotic degeneration). Williams et al. reported 45 994 patients who underwent proximal aortic replacement (ascending aorta ± root ± arch) between 2004 and 2009 using the Society of Thoracic Surgery Adult Cardiac Surgery Database. In this series, there were 6786 ascending + arch replacements (no distinction between hemiarch and total arch), and 94% of the non-elective patients had acute dissections. The operative mortality rate was 17.62% vs 5.05% and the rate of stroke was 13.09% vs 5.33%, respectively, with non-elective (essentially dissections) and elective (essentially aneurysms) ascending arch replacements [5] . In a single institutional series of 209 arch replacements, Thomas et al. presented a series of 144 patients who underwent hemiarch replacement with a mortality rate of 3%. Of the 5 patients who died after hemiarch replacement, 4 had acute dissections [9] . Di Eusanio et al. described 298 patients who underwent hemiarch replacement at a single institution for acute dissection in 42.2% and for aneurysm in 57.8% of cases. The overall hospital mortality rate was 11.4% (17.8% for non-elective and 5.8% for elective surgery); stroke occurred in 9.3% of patients. On logistic regression, acute dissection was an independent risk factor for death (OR 4.3; 95% CI 1.90-9.67, P = 0.001) and stroke (OR 6.7; 95% CI 2.44-18.41, P = 0.001) [10] . The Duke group reported 440 hemiarch replacements (including 18.2% redo cases + 37.7% aortic root cases), with a hospital mortality rate of 3.4% and a stroke rate of 3% [11] .
Patients with dissection and aneurysm presented similar rates of cardiac morbidity after hemiarch replacement. This result was probably due to a selection bias because of our choice to exclude cases involving the aortic root. As a result, none of the dissections complicated by acute coronary ischaemia and aortic insufficiency (and so more prone to perioperative cardiac complications) were included in the equation.
Major respiratory and renal adverse events were more frequent in patients with dissection. Conceivably malperfusion and longer CPB times contributed to renal morbidity, and increased transfusions of blood products contributed to respiratory morbidity in this group.
Limitations
Our study has all the limitations of a retrospective analysis of registry data. There is probably a selection bias because these outcomes are from a tertiary referral centre for aortic surgery; consequently, the results should not be extrapolated to centres that perform a low volume of aortic operations.
CONCLUSIONS
Our results show that at a high-volume aortic centre, de novoisolated hemiarch replacement can be performed with an overall low operative mortality rate (3.1%), regardless of the status (i.e. emergent, urgent or elective) and the nature of the disease (i.e. dissection vs aneurysm). Current guidelines advise elective operations on the proximal aorta (i.e. ascending aorta and aortic arch) when its diameter reaches the threshold of 5.5 cm [12, 13] . This size criterion reflects conclusions based on the risk/benefit ratio for an expected operative mortality rate of 4.3% after elective proximal aortic replacement (11.6% for overall proximal aortic replacement) [14] . In our series, patients with a dissection underwent hemiarch replacement when their aorta was enlarged (4.7 ± 0.8 cm) but below the advised threshold for elective intervention. Our operative mortality rate for non-acutely dissected aortas was 2.7%, whereas that for acutely dissected aortas was 5.3%. If the elective operative mortality rate is almost half the rate factored in at the time that the size criterion was suggested (2.7% vs 4.3%), it would likely be beneficial for the patients to undergo pre-emptive hemiarch replacement when the diameter of the aorta is below the currently suggested threshold. Following this guideline would prevent patients from dissecting when their aorta reaches a diameter that is almost a centimetre smaller than the current threshold for intervention (4.7 vs 5.5 cm) and consequently avoid having a hemiarch replacement that has an operative mortality rate that is almost doubled (5.3% vs 2.7%) even in a tertiary aortic centre with excellent results. Data presented as n (%), unless otherwise noted.
